This paper presents the results of an investigation on the effect of a thin low-dielectric material (phantom shell) on measuring the Specific Absorption Rate (SAR) in the frequency range of 3 to 6 GHz. The International Electrotechnical Commission (IEC) has started to develop a SAR measurement procedure in order to cover such frequencies. In the procedure, the SAR is measured in a liquid phantom, which is a shell filled with tissue-equivalent liquid. Although the shell is thin and has low-dielectric properties, the influence of the phantom shell is thought to increase at higher frequencies. Therefore, an investigation using the transmission line model and the Finite-Difference Time-Domain (FD-TD) method was conducted. To verify the FD-TD results, measurements were also carried out. The calculation results using the FD-TD method agree well with the measurement results. If the frequency is higher, the SAR is affected by the shell even though the shell is thinner and has much lower dielectric properties than those of the tissue-equivalent liquid. Specifically, the SAR with the shell is approximately 1.3 times higher than without the shell at 5.2 GHz for the maximum case. The deviations in the loss and the thickness for the shell do not affect the SAR more than the relative permittivity. key words: SAR, thin low-dielectric material, FD-TD method, transmission line model
Introduction
Specific Absorption Rate (SAR) measurement procedures with respect to a mobile phone, which is intended to be used at the side of the human head, were standardized in Europe [1] , USA [2] , Japan [3] , and the International Electrotechnical Commission (IEC) [4] . In these standardized procedures, a liquid phantom, which is defined as a shell filled with tissue-equivalent liquid, is employed in order to obtain the SAR. The phantom has a realistic shape considering the above usage. The measurement frequency range is defined from 300 MHz to 3 GHz.
Another SAR measurement procedure that covers various conditions is being developed by the IEC [5] . This procedure also uses the liquid phantom. However, the IEC has initiated investigations on using a flat phantom in order to accommodate various situations, i.e., usage in conjunction with the torso, palm, breast pocket, etc. The frequency range is also expanded to 30 MHz to 6 GHz. This is in response to increased interest on frequencies higher than those used by present cellular systems, e.g., wireless LAN devices. Some studies on this procedure were also performed [6] , [7] . In these procedures, the shell comprises a thin material with low-dielectric properties, i.e., 2 mm ± 0.2 mm, relative permittivity ( r ) ≤ 5, and a loss tangent (tan δ) ≤ 0.05. The relative permittivity and depth of the tissue-equivalent liquid is approximately 40.0 and greater than 150 mm, respectively. Therefore, the shell marginally influences the electromagnetic field within the liquid at lower frequencies. It is hypothesized, however, that the influence of the shell on the SAR measurement will increase in the range of 3 to 6 GHz compared with lower frequencies. This paper investigates the effect of a thin shell with low-dielectric properties on the SAR measurement. We focus on the relative permittivity of the shell, which has a variance within 5. In addition, the effect of the loss and the thickness of the shell are investigated. The frequencies used in the study are 3.8 and 5.2 GHz, and 0.9 and 2.0 GHz are used for comparison. A numerical investigation is conducted based on the transmission line model and the Finite-Difference Time-Domain (FD-TD) method [8] . Furthermore, the FD-TD calculation is validated by comparing the measured results with the tissue-equivalent solid.
Investigation Methods
The numerical investigation was conducted based on the transmission line model and the FD-TD method for 0.9, 2.0, 3.8, and 5.2 GHz. In addition, to verify the numerical calculations, measurements using the tissue-equivalent solid instead of the liquid were carried out. The SAR is given by measurement or by a simulated electrical field and is calculated as
where σ is the electrical conductivity [S/m], ρ is the density [kg/m 3 ], and E is the electric field [V/m] (r.m.s.). In this study, the peak value in the SAR (peak SAR), peak spatial average over 1 g mass (1 g-average), and 10 g mass (10 gaverage) SARs are calculated. The dielectric properties of the tissue-equivalent liquid were given in was replaced by the transmission line model, that was based on assumptions such as plane waves are normally incident to the infinite plane object. This transmission model may be simplistic when considering the effect of the shell. However, we could expect that the fundamental characteristics of the shell can be obtained with less computational cost than by the FD-TD method. It was expected that results of the transmission line model would be similar to those of the FD-TD method when the antenna was located far from the phantom, e.g. 1λ 0 . Figure 1 illustrates the transmission line model, which corresponds to a one-dimensional phantom model where Z 0 , Z 1 , and Z 2 are the characteristic impedance of air, the liquid, and the shell, respectively, and Z in is the impedance viewed from the left-hand side in air (Air (A)). The thickness of the shell (t) was 2 mm, and those of the tissue-equivalent liquid (H) were 150 mm for 0.9 and 2.0 GHz and 100 mm for 3.8 and 5.2 GHz, respectively. The reflection and transmission coefficients at the interfaces were calculated using each characteristic impedance, and the electric field in the medium can be computed recursively [10] .
FD-TD Method
A more detailed numerical investigation was performed using the FD-TD method [8] . This computational technique enables the electromagnetic field to be calculated in three dimensions, even in situations when the antenna is close to a lossy material. Figure 2 shows the model used in this investigation, which comprises a tissue-equivalent liquid (W × L × H), a shell, and a half-wave dipole antenna. The origin of the model directly faces the antenna feeding point and this point is located on the surface of the liquid. The notation "d" is defined as the distance between the center of the dipole and the surface of the liquid. The shape of the phantom is assumed as a rectangular parallelepiped, which is similar to the one defined by the IEC [5] . The dimensions, W, L, and H were 2.0 λ 0 , 2.0 λ 0 , and 150 mm for 0.9 and 2.0 GHz and 2.0 λ 0 , 2.0 λ 0 and 100 mm for 3.8 and 5.2 GHz, respectively, where λ 0 is the wavelength in free space. The thickness of the shell was also 2 mm. A four-layer PML absorbing boundary condition was adopted in order to avoid unnecessary reflected waves from the computational boundaries. The cell size at each frequency was set to less than λ/10, where λ was the wavelength in free space or in the phantom. In this investigation, SEMCAD ver. 1.6 (Schmid & Partner Engineering AG, Zurich, Switzerland) was used as the FD-TD software.
Measurement
The FD-TD calculation was verified by comparison with measured results. Figure 3 shows the measurement configuration, which comprises a flat-plane tissue-equivalent solid with a shell, an E-field probe, a half-wave dipole, and a scanning system [11] . By using the solid material, it is easy to measure the E-field with and without the shell. The verification measurements were carried out at 2 GHz. The relative permittivity and conductivity of the solid phantom were 41.2 and 1.46 S/m, respectively [11] . Since the frequency was 2 GHz, the effect of the shell was expected to be very slight if the thickness and relative permittivity were still 2 mm and less than 5, respectively. To obtain a definite difference in the SAR with and without the shell, the thickness, relative permittivity, and loss tangent of the shell were set to 3.2 mm, 10.28, and 0.0047, respectively. Figure 4 shows the peak SAR calculated using the transmission line model with respect to the relative permittivity of the shell. The horizontal and vertical axes show the relative permittivity ( r ) of the shell and the normalized peak SAR, respectively. Note that the calculated peak SAR is normalized to one when r = 1 at each frequency. It is obvious from the results that the normalized peak SAR is always greater than 1.0. It is also clear that the effects of the shell are frequency dependent. Namely, the variation due to the relative permittivity in the SAR is about 10.0 and 17.5% if the frequency is higher, such as 3.8 and 5.2 GHz. The effect due to the relative permittivity of the shell is marginal at the lower frequencies, i.e. 0.9 and 2.0 GHz. As a result, it is expected that the variation in the SAR due to the shell is greater when the frequency is higher.
Results

Results of the Transmission Line Model
Verification of FD-TD Calculations
To validate our computation, the calculated (•) and measured peak SAR ( ) are compared in Fig. 5 . The horizontal axis represents the distance (d) between the center of the dipole antenna and the surface of the solid, normalized to the wavelength in free space (λ 0 ). The vertical axis represents the peak SAR normalized to one without the shell for each distance. Note that all peak SARs are measured at (x, y, z) = (4.7 mm, 0, 0) and normalized to the antenna input power. The effect of the shell appears due to a thicker shell and a higher relative permittivity, as expected. The measured and calculated results are also in good agreement. Therefore, we conclude that the FD-TD calculations for investigating the shell effect are confirmed.
Results of the FD-TD Method
The calculated SAR using the FD-TD method pertaining to the relationship with the relative permittivity of the shell (d = 10 mm, tan δ = 0.05) at 0.9, 2.0, 3.8, and 5.2 GHz are shown in Fig. 6 . The horizontal and vertical axes represent the relative permittivity ( r ) of the shell and the SAR normalized to one for r = 1 at each frequency, respectively. It should be noted that all SARs are normalized to the antenna input power. This figure plots the normalized peak SAR(•) and the peak 1 g-average (×) and 10 g-average ( ) SARs. The figure shows that there is no significant difference among the normalized peak SAR and the 1 g-, and 10 g-average SARs at each frequency. It is clear that the normalized SARs at 0.9 and 2.0 GHz are almost 1.0 without definite variation; however, changes in the normalized SARs at 3.8 and 5.2 GHz are larger than at lower frequencies. These results are similar to those using the transmission line model. The variations in the relative permittivity are within 12.0 and 25.0%. This means that when the antenna is located close to the phantom, e.g., d = 10 mm, the shell does not affect the SAR at 0.9 and 2.0 GHz. On the other hand, when the frequency is increased, i.e., 3.8 and 5.2 GHz, the SAR depends on both the relative permittivity ( r ) of the shell and the frequency. Next, the relationship based on the distance (d) was investigated at each frequency (Fig. 7) . The horizontal axis represents the distance (d) between the center of the dipole antenna and the surface of the phantom, normalized to the wavelength in a free space (λ 0 ). The extent of the influence of the shell depends not only on the frequency, but also on d. In this case, there is marginal variation due to the shell at 0.9 and 2.0 GHz as compared to that at 3.8 and 5.2 GHz. We performed more detailed calculations focusing on 3.8 and 5.2 GHz. Figures 8(a) and (b) show the calculated SARs with respect to d and relative permittivity. The curves are similar for both frequencies except for the magnitude. When considering both distance and relative permittivity, the variations increased, i.e., 20.0 and 30.0%. Small differences in normalized SAR between 10 g-average SAR and the peak, and 1 g-average SARs are observed at small distances, e.g. 0.25 λ 0 . Furthermore, the normalized SARs seem to converge the levels derived from the transmission line model if d is increased. This is because the location of the dipole antenna approaches that in the far-field situation.
Discussion
The transmission line model is employed again in order to investigate the above phenomenon. The total impedance (Z in ) of a plane wave, which comes from the left hand side of the original model, is calculated using Eqs. (2) and (3).
where 2 , µ 0 , σ 2 are the permittivity of the shell, permeability in a vacuum, and the conductivity of the shell, respectively. ω is the angular frequency. Z 10 can be calculated in the same manner as Eq. (2) using the characteristic impedance of the liquid and Air (B). Z 2 is the characteristic impedance of the shell. The normalized total impedance to the characteristic impedance in free space (Z 0 ) is shown in Fig. 9 . The figure shows that the total impedance increases to a point close to the characteristic impedance in free space as frequency or relative permittivity increases. These results are similar to those in Fig. 4 . Therefore, one of the main reasons for the shell's influence is deemed to be the increase in the transmission power by the impedance matching. As discussed above, the transmission line model assumes a one-dimensional transmission line and that plane waves are incident normal to the phantom. On the other hand, the FD-TD calculations simulate the conditions in Fig. 9 Normalized total impedance (Transmission line model). three dimensions and assume a half-wave dipole antenna. When distance is in the far field region, e.g. 1 λ 0 , the FD-TD results seem to converge to those of the transmission line model. However, if the distance is short compared to the wavelength, the FD-TD results differ from those of the transmission line model. Figure 10 shows another result suggesting the difference between near-and far-field effects. Plotted are SAR distributions with the shell ( r = 5, tan δ = 0.05) normalized to those without the shell along the z-axis as calculated by the FD-TD method at 5.2 GHz. The shape of the normalized SAR distribution becomes sharper as the distance (d) between the antenna and the phantom is decreased. On the other hand, the SAR distribution for d = 0.61 λ 0 is approximately flat suggesting that the incident field is similar to the plane wave. These differences could be due to the finite length of the antenna and near-field coupling between the antenna and the phantom. Fig. 10 even though the normalized peak values in the SAR are almost the same. Therefore, these distances could be in the transition area between the near-and far-field and affect the shell effect in this case. As shown in Fig. 8(b) , there are small differences between 10 g-average SAR and the peak, and 1 g-average SARs less than around 0.25 λ 0 .
Since the average volume of the 10 g-average SAR is larger than the 1 g-average, i.e. the volume of 21.54 mm 3 , where ρ = 1000 kg/m 3 , the spatial distributions of the SAR shown in Fig. 10 influence the 10 g-average SAR.
Here, factors other than the relative permittivity that may impact the SAR are discussed. Table 2 shows the SAR variation due to other possible factors, i.e. the thickness and loss tangent of the shell, calculated using the FD-TD method. The deviations in the thickness and loss tangent of the shell are according to [4] . The results are compared with results for the original conditions (thickness = 2.0 mm, r = 5, and tan δ = 0.05). It is clear that these deviations are smaller than those due to the relative permittivity.
The results show that the variation in the SAR is very slight at 0.9 and 2.0 GHz if all the shell parameters are within the values defined by the IEC [4] . On the other hand, as the frequency increases e.g., 5.2 GHz, all three factors impact the SAR although the thickness and loss tangent have a lesser effect compared to the relative permittivity. We should note here that the variation also depends on the distance between the antenna and the phantom. If various usage situations are considered, i.e., the usage in conjunction with the torso, palm, breast pocket, etc., the variation with distance must be taken into account. Therefore, it is suggested that the effects of the shell should be taken into account in the higher frequency range. Specifically, the SAR with the shell is approximately 1.3 times higher than that without the shell at 5.2 GHz for the maximum case. In this case, the SAR variation caused by the shell at 5.2 GHz could impact the SAR measurement's target uncertainty (± 30%) described by the IEC [5] . However, if the relative permittivity of the shell is defined as r = 4 and the permissible range = ± 1, the deviation can be reduced to within ± 5% at 5.2 GHz.
Conclusions
This paper presented the results of an investigation on the effect of a thin shell with low-dielectric properties on measuring the SAR. We focused on the relative permittivity of the shell and confirmed the variation to within 5. In addition, the effect of the loss and the thickness of the shell were investigated. The considered frequencies were 0.9, 2.0, 3.8, and 5.2 GHz. A numerical investigation was conducted based on the transmission line model and the FD-TD method. Furthermore, to verify the numerical calculations, measurements using a tissue-equivalent solid were carried out.
The FD-TD calculations were in good agreement with the measurements made to confirm the numerical calculation. As the frequency increases, especially above 3 GHz, the SAR is affected by the shell even though the shell is thin and has dielectric properties much lower than the tissueequivalent liquid. Specifically, we show that the variation in the SAR depends not only on the frequency, but also on the relative permittivity of the shell and the distance between the antenna and the material. The loss and the thickness of the shell do not affect the SAR more than the relative permittivity when the loss tangent (tan δ) is ≤ 0.05 and the thickness is ≤ 10%. Specifically, the SAR with the shell is approximately 1.3 times higher than without the shell at 5.2 GHz for the maximum case. Therefore it is suggested that the effects of the shell should be taken into account in the higher frequency range. This paper presented a basic investigation considering the SAR measurement standard, and its results are useful if higher frequency field is considered. We suggest that all materials should be considered at higher frequencies during the design even though the materials have low-dielectric properties.
